Spontaneous ordering of III-V alloys is known to cause a band-gap reduction~A Es~a nd a splitting AEqq of the valence-band maximum. Strain also leads to a valence-band splitting and, depending on the sign of the strain s, to an increase (for e ( 0) or decrease (for c ) 0) in the band gap. We present a general theory explaining how the strain produced by lattice mismatch with the substrate interacts with ordering effects. We find for (001) strain and (111) "CuPt" ordering that (i) atomic ordering removes the cusp in the band gap vs strain curve of random alloys; (ii) epitaxial strain always leads to an increase in the ordering-induced valence-band splitting AEi2, (iii) atomic ordering reduces the slope of b, Eig vs strain; and (iv) while (a) strain; (b) ordering, and (c) clustering can all lead to a band-gap reduction, we show here that the three effects can be partially distinguished on the basis of a b, Ei2 vs~A Es~plot; and (v) the wave-function type at the valence-band maximum (VBM) (and, hence, the cause of the splitting) can be further determined by measuring the polarization dependence of the intensities of the transitions between the VBM split components and the conduction-band minimum; (vi) we predict that ordering can significantly enhance the degree of spin polarization of photoelectrons emitted from the VBM. Ordered III-V alloys can thus be used as a good polarized electron source. These general results open new avenues of band-gap engineering by combining epitaxial strain with atomic ordering. Speci6c experimentally testable predictions are presented.
I. INTRODUCTION
At threshold, the optical properties of direct-bandgap zinc-blende semiconductors are determined by (including the spin-orbit interactions) the I' s", ','I' s, transitions. These transitions can be split into heavyhole and light-hole components by applying external fields, e. g., strain, or by internal field, e. g., atomic
(superlattice) ordering. s s Most theoretical works on these threshold transitions considered the first case, focusing on how strain splits the I'8 states at the valence-band xnaximurn (VBM) and changes the bandgap energy. Experiments on strain effects in cubic zinc-blende semiconductors ' and on their cubic random alloys [Ga Ini P Ga Ini As, 2i' ' or SiGe (Refs. 28 and 29)] have indeed confirmed that the VBM splits almost linearly with strain, and that the band gap vs strain curve changes slope as the strain changes from compressive to tensile.
Here, we consider the interesting case where the film is atomically ordered, so its I'S"state is already split by the lower symmetry of the ordering potential even without strain. Application of strain then leads to interesting and unexpected results.
Atomic ordering corresponds to a periodic arrangement of atomic planes along a given crystal axis G,d. ' ' to have I'6"-I'y"splittings at the VBM. In conventional strained layer superlattices the direction G,p of layer modulations coincides, by choice, with the substrate orientation G,"b,t, t"so the effects of atomic ordering and strain add up colinearly. In contrast, spontaneously ordered systems often exibit ordering along G»d g G»b, i,~i, . This leads to the interesting case where a semiconductor is subjected to noncolinear "chemical strain" along G,d and to "elastic strain" along G,"b,t, &, . We study here the consequence of such "double strain" on the optical properties at threshold. We give easy-to-use expressions for the separate effects of G,g or G,t, ,"on the valence and conduction bands. We then show how the existence of "double strain" changes the optical properties relative to the pure epitaxial strain or pure ordering cases. Most distinctively, for atomic ordering along [111] and epitaxial strain along [001] : (i) Atomic ordering is shown to remove the "cusp" in the band gap vs strain curve of random alloy. ' ' (ii) Epitaxial strain always leads to an increase in the ordering-induced valence-band splitting EEi2, and (iii) atomic ordering reduces the slope of b Ei2 vs strain. (iv) While (a) strain, (b) ordering, and (c) clustering can all lead to a band-gap reduction, we show here that the three effects can be distinguished on the basis of a b,Ei2 vs~A Es~p lot. (v) The wave-function type, and, hence, the cause of the splitting at the VBM can be determined by measuring the polarization-dependent intensities of the transitions between the split components of the valence band and the conduction-band minimum. 
I' POINT STATES
We will characterize the quantities of interest in terms of the degree of long range order g and the strain e. Our reference state is a perfectly random (il = 0), strainfree (e = 0) system. In this case, and in the absence of spin-orbit coupling the top of the k = 0 valence band is the sixfold degenerate I'q5 
oo o I' P(x, il) at composition x can be expressed in terms of the properties P(x, 0) and P(X, 0) of the perfectly random alloy at composition x and X, and the property P(X, 1) of the perfectly ordered structure 0 at composition X P(x, rl) = P(x, o) + rl ' [P(X,1) -P(X, 0)], (12) 
O +~S~2~S O~S For systems with no strain (e = 0) the lh and hh states are the degenerate cubic I'8 state. Note that the crystal field splitting b, ooi(e) does not correspond to a diff'erence of measurable levels. The measurable valence-band 8plit-ting is given by iEi" -E"hi. 6E '"(e) = E'"(e) -E' (0) = -ae, (26) while for the heavy-hole band gap E"h(e) = E,(e)- where Es(0) is the band gap at e = 0 and E,(0) = Es(0)+ when 6 )0. This is true for all III-V's.
In Table I we list the experimental 5 room temperaEquations (22) and (25) give the the band-edge energies as functions of the (001) Table I , we plot in Fig. 1 the E",E"", E, and E, energy levels of GaAs using Eq. (25) (ii) Because the valence-band maximum changes its character as the strain changes sign, there is a change of slope of Ee(e) about e = 0. Thus, the Eg vs e curve has a "cusp" at e = 0 (Fig. 2) (iii) The lh slope n is much smaller than the hh slope P. Equation (28) shows that this is because the band-gap changes due to hydrostatic and shear strain add up for the E"" gap (so P is large), while for the Et" gap the two contributions tend to cancel each other (so o, is small).
(iv) Our calculation shows that the slope (n or P) of the E~v s~curve is reduced significantly as the ratio (Cqq -Ct 2) /Cqq is reduced. The latter quantity is proportional to the ratio A of bond-bending and bond-stretching force constants. ' (001) In a more general case, there is a finite strain, so 0 in Eq. (32). In the following we will use the Ga In1 P alloy as an example. The needed input data for evaluating Eqs. (31) and (32) Fig. 3 the three valence-band energies Eq, E2, and E3 as functions of the strain e at three different (111) ordering parameters rl. Note that Fig. 3(a) (no ordering) is analogous to Fig. 1 . We have also plotted the band gap Es (Fig. 4) and the valence-band splitting b, Ei2 --~E i -E2] (Fig. 5) , respectively as functions of e and g for Gao 5Ino 5P. From these plots we find the following.
(i) When rl = 0 (no ordering), both Eg (Fig. 4) This strain e(z) is a function of the film composition z, and so are the other composition-dependent properties P(z) for the strain-free random alloy. We use Vegard's rules2 to determine the equilibrium lattice constant at (z) and assume that at fixed composition x ordering does not change the lattice constant. Using the lattice parameters &om Fig. 6 the band-gap energy of the Ga Inq P film as a function of the composition x at g = 0 and g = 0.
5. This figure also shows the band gap of the strain-free random alloy (dashed line). Figure 7 shows the band-gap reduction b Eg(q, e). Part (a) of this (ii) Ordering (i7 ) 0) and strain (z g zo) both increase the valence-band splitting AEi2 (Fig. 8) 
where c is a normalization parameter. Using Eq. (35) )0. We thus have the I 6, - I'6 "and the I 6, -I'7" transitions. For pure (001) strain both transition intensities are independent of the polarization angle O. If one further assumes zero 8-p wave-function mixing, the intensity I(I'e,-I'e") is also strain-independent (Fig. 10) . The intensity I(I' s, -l'7"), however, does depend on strain due to the coupling between the I'7"state and the split-off state, which also has I'7"symmetry. Figure 10 shows that the intensity I(I ' s, -l'y") 
Pure (111) For the I' s, -l'4"s" transition [ Fig. 12(a) ] the intensity is independent of g. For the I'6,-I'6" transition, however, we see a strong dependence on the ordering parameter g.
I (8) [110 (37) and the polarization dependence is given by [Figs. 11(a) and 11 meV, in excellent agreement with the above value. The small discrepancy between the data and the theoretical line of Fig. 12(a) In the presence of both ordering and strain, the wave functions at the top of the valence bands have mixed (001) and (111) For weak ordering and zero strain Fig. 13(a (thus, b, Eq2) increases, the transition intensities approach the e = 0 values for "pure ordering" (Fig. 13) .
Similar results are plotted in Fig. 14 It is interesting to study the ordering-induced changes in spin polarization of emitted photoelectrons. We use for this purpose circularly polarized light. ' For circularly polarized light sr+ with its angular momentum along the ordering direction [ill] we have H;"t oc z '+i,y', where x' =~( x + y) and y' = -( -x + y -2z). (v) Optical transition intensity analysis can be used to determine the size of the strain (Fig. 10) , the degree of ordering (Figs. 11 and 12 ), or both (Figs. 13 and 14) .
(vi) A single-variant CuPt-like ordered material can be used as a good spin-polarized photoelectron source.
